Cellular and intracellular motile events in plants are susceptible to SH reagents such as N-ethylmaleimide (NEM). It has long been believed that the target of the reagent is myosin. We compared the effect of NEM on the motile and ATPase activities of skeletal muscle myosin with that on plant myosin using characean algal myosin. It was found that the motile activity of myosin prepared from NEM-treated C. corallina decreased to a level accountable for the decrease in the velocity of cytoplasmic streaming but it was also found that Chara myosin was far less susceptible to NEM than skeletal muscle myosin.
Treating plant cells such as Nitella internodal cells with Nethylmaleimide (NEM) stops cytoplasmic streaming (Chen and Kamiya 1975) . It has long been believed that the reagent primarily attacks myosin in the flowing cytoplasm, assuming that Nitella myosin reacts with NEM in a similar way to wellknown skeletal muscle myosin (Chen and Kamiya 1975) . It was so widely believed that NEM was used to inactivate putative myosin in Nitella cells (Shimmen and Tazawa 1982, Sheetz and Spudich 1983) and the susceptibility of cellular and intracellular motile events in plants to NEM have been regarded as evidence for the involvement of myosins (Liebe and Menzel 1995, McCurdy 1999) , even though this membrane-permeating reagent is known to react nonspecifically with SH-containing proteins.
Recently, we cloned cDNA of class XI myosin from Chara corallina (Kashiyama et al. 2000) and succeeded in expressing the myosin in chimeric form without loss of motile and enzymatic activities ). This chimeric myosin consists of the motor domain of C. corallina myosin and the neck and tail domain of Dictyostelium myosin (class II). We expressed chimeric myosin because we do not know much about the light chain components that bind to the neck region of Chara myosin. By expressing chimeric myosin in Dictyostelium cells it was possible to obtain 1 mg of pure chimeric myosin from 10 g of wet cells in 1 d ), a quantity sufficient for biochemical study. We, therefore, examined if NEM really impairs the motile and ATPase activities of this chimeric Chara myosin. We compared the effect of NEM on the motile and actin-activated MgATPase activities of skeletal muscle myosin with that on chimeric Chara myosin. Crude cytoplasm of C. corallina internodal cells was also used to examine the effect of NEM on the motile activity of native Chara myosin. Fig. 1 shows the effect of in vitro NEM treatment on the motile and ATPase activities of these myosins. We treated purified myosins with various concentrations of NEM at 0°C in vitro and, after stopping the reaction, measured their activities. The motile activity was measured using an in vitro motility assay system (Kron and Spudich 1986) . It is seen that the motile activity of skeletal muscle myosin was lost completely when treated with 5 mM NEM, whereas that of chimeric Chara myosin was unaffected even at 1 mM NEM (Fig. 1A) . Native Chara myosin also retained 80% initial activity at 1 mM NEM. The actin-activated MgATPase activity of skeletal muscle myosin decreased to 40% initial activity at 100 mM NEM, but that of chimeric Chara myosin decreased only to 84% at 1 mM NEM (Fig. 1B) . Fig. 2 shows cytoplasmic streaming of C. corallina internodal cells treated with 0.1 mM NEM at room temperature. The streaming stopped transiently when the bathing solution was changed to a solution containing NEM. Streaming velocity returned to near the initial value within a few min and then started to decrease gradually. The velocity decreased by 50% when C. corallina was treated with 0.1 mM NEM for 20 min at room temperature and continued to decline until no streaming could be detected after 50 min (Fig. 2) . We compared the motile activity of myosin prepared from the NEM-treated C. corallina with that of myosin prepared from untreated C. corallina. Myosin prepared from untreated C. corallina translocated actin filaments at 41.4±2.7 mm s -1 whereas myosin prepared from C. corallina treated with 0.1 mM NEM for 20 min at room temperature translocated actin filaments at 31.6±3.0 mm s -1 (Fig. 2) . NEM-treated myosin showed activity 76% that of untreated protein. We noticed that the number of moving actin filaments seen in the microscopic field was quite different between the two preparations. The total number of moving actin filaments in four randomly chosen 50´50 mm 2 fields was 217 for untreated myosin and 65 for NEM-treated myosin. NEM treatment also decreased the average distance of actin sliding. When motile activity of myosin prepared from 0.1 mM NEM-treated C. corallina was assayed after 50 min, no moving actin filaments were observed. These results were summarized in Table 1 .
Recent studies revealed that myosin is a protein family and 18.7 Pi head -1 s -1 for skeletal muscle myosin and chimeric Chara myosin, respectively. Fig. 2 Change in the velocity of cytoplasmic streaming of NEMtreated C. corallina and the sliding velocity of actin filaments translocated by myosin prepared from the NEM-treated C. corallina. NEM concentration used was 0.1 mM. The velocity of cytoplasmic streaming (filled circles) was determined by following the movement of small organelles in the stream and expressed as a relative value to that of untreated C. corallina. The velocity of cytoplasmic streaming in untreated C. corallina was 72.1±8.8 mm s -1 . The sliding velocity of actin filaments is also expressed as a percentage to that translocated by myosin prepared from untreated C. corallina (open circles). The sliding velocity of actin filaments translocated by myosin prepared from untreated C. corallina was shown in Table 1 . Bars indicate the standard deviation of 10 measurements. Fig. 3 Comparison of amino acid sequences of SH1 region of skeletal muscle myosin and plant myosins. The top sequence is that of chicken skeletal muscle myosin. The cysteine residue called SH1 (underlined) is the 707th residue of this myosin. Plant class VIII myosins lack acysteine residue in the region corresponding to the SH1 region of skeletal muscle myosin, whereas plant class XI myosins have a cysteine residue (underlined) at nearly the same position as that of SH1. The bottom sequence is that of Chara corallina myosin (CCM) used in this study. Numerals at the front of these sequences indicate their position in the whole sequence. Sequences of ATM1 (accession number X69505), ATM2 (accession number Z34292), Hamy1 (accession number U94781), ZMM3 (accession number AAD31926), MYA1 (accession number Z28389), MYA2 (accession number Z34293), Hamy4 (accession number U94789), Hamy5 (accession number U94785) and CCM (accession number AB007459) were aligned.
with at least 17 classes (Hodge and Cope 2000) . There are numerous unconventional myosins possessing a wide array of structural and functional properties. Most of plant myosins sequenced so far belonged to either class VIII or XI (Liu et al. 2001) . Analysis of the Arabidopsis thaliana genome revealed that there are only two classes of myosin (classes VIII and XI) in this plant species (Reddy and Day 2001) .
Skeletal muscle myosin belongs to class II. NEM reacts readily with muscle myosin and changes its ATPase activity drastically (Sekine and Kielly 1964) . The cysteine residue, which is attacked by NEM and is responsible for the change in ATPase activity, is called SH1 and is the 707th residue from the N-terminus of chicken skeletal muscle myosin (Yamashita et al. 1974 , Maita et al. 1991 . The reason for the high reactivity of this cysteine residue was attributed to its very low pKa value (Takamori et al. 1976 ). Modification of skeletal muscle myosin SH1 with NEM affects the motile activity more than the ATPase activity (Fig. 1, closed circles) . One reason is that many myosin molecules are required to make one actin filament move without detaching from the myosin-coated glass surface. Impairing only a portion of the myosin proteins would make the movement stop. The SH1 region in the motor domain of myosin is known to play an important role in transmitting a conformational change that occurs in the ATPase site to the lever arm (Houdusse et al. 1999) , so the modification of SH1 by NEM would make myosin completely non-motile by blocking this transmission. On the other hand, it is known that skeletal muscle myosin does not lose the ATPase activity completely by the modification of SH1 with NEM (Yamaguchi et al. 1973 ). This may be the other reason for the different effect of NEM on the motile activity and the ATPase activity.
Plant class VIII myosins lack a cysteine residue at the region corresponding to the SH1 region of skeletal muscle myosin, whereas plant class XI myosins have the cysteine residue at nearly the same position as that of SH1 (Fig. 3) . Chara myosin used in this study belongs to class XI (Kashiyama et al. 2000) . However, even though the position is similar to that of SH1, reactivity to SH reagents may not be the same because the reactivity will change by altered amino acid sequence around the cysteine residue. Our results clearly showed this is the case for Chara myosin. Chara myosin was far less susceptible to NEM than skeletal muscle myosin (Fig. 1A, B) . We found that chimeric Chara myosin was less susceptible to NEM than native Chara myosin even though it has an SH1-like cysteine residue (Fig. 1A) . This result may indicate that the modified cysteine residue is not the SH1-like cysteine residue. However, valid comparison would be difficult because we do not know how many myosin molecules are in the crude extract.
Chara myosin prepared from NEM-treated C. corallina showed impaired motile activity (Fig. 2) . The difference in the effect of NEM between in vitro and in vivo treatments is due mainly to the difference in the reaction temperature. In vitro treatments were done at 0°C while in vivo treatments were done at room temperature. Because the reactivity of skeletal muscle myosin SH1 is very high, the treatment with NEM in vitro was generally done at 0°C. We applied this condition when we compared the susceptibility of Chara myosin to NEM with that of skeletal muscle myosin and were able to show the difference successfully. However, when we treated Chara myosin with 0.1 mM NEM in vitro at 20°C, we observed a decrease in the motile activity (Table 2 ) and the extent of decrease was similar to that observed for Chara myosin prepared from NEM-treated Chara corallina (Table 1) . The susceptibility to NEM was slightly enhanced by the presence of ATP (Table 2) . Other intracellular components such as actin may also enhance the reaction. It is known in skeletal muscle myosin that ATP and actin enhance the reactivity of cysteine residues other than SH1 Sekine 1966, Yamashita et al. 1975) .
Treating C. corallina with 0.1 mM NEM for 20 min at room temperature lowered the velocity of cytoplasmic streaming to 50% of the initial value. Myosin prepared from the NEM-treated C. corallina showed motile activity 76% that of myosin from untreated C. corallina (Fig. 2) . This discrepancy can be explained as follows. Myosin molecules heavily modified with NEM lose their motile activity but still have affinity Table 1 The motile activity of Chara myosin prepared from NEM-treated Chara corallina a Values are average of 35 measurements ± SD. b The number of actin filaments in four randomly chosen 50´50 mm 2 fields were counted. c The number in parenthesis is relative activity to that of untreated myosin.
Treatment
Sliding velocity a (mm s 0.1 mM NEM + 1 mM ATP 34.8±2.8 (0.72)** for actin. They exert drag force and reduce the velocity of streaming generated by the remaining lightly modified or unmodified myosin molecules. The velocity of streaming is a function of the ratio of active myosin molecules to inactive myosin molecules. So, it decreased hyperbolically (Fig. 2) . On the other hand, in vitro motility assays measure the movement of isolated actin filaments on myosin-coated glass surfaces. We generally measure the velocity of moving filaments but there are many non-moving actin filaments on the glass surface. In the case of myosin from NEM-treated C. corallina, the number of such non-moving actin filaments is about 3 times larger than that found in the normal assay (Table 1 ). There must be many inactive myosin molecules on the glass surface and actin filaments that are not caught by these inactive myosins move at a velocity similar to that observed for normal myosin. The smaller number of moving actin filaments in the assay of NEM-treated myosin (Table 1) can also be explained by this model. When we treated Chara corallina internodal cells with 0.1 mM NEM, cytoplasmic streaming stopped transiently as if the cells had generated action potentials. Since this transient stop was not observed when we changed bathing solution without NEM, chemical modification of certain protein(s), probably membrane protein(s), with NEM should have caused this phenomenon. This phenomenon has not been reported previously (Chen and Kamiya 1975) . This different response may arise from the difference between Nitella and Chara because Abe (1964) treated Nitella flexilis with another SH reagent, p-chloromercuribenzoate, and did not observe the transient arrest in streaming. This is the first well-defined biochemical study on the susceptibility of a plant myosin to SH reagents. We found that the in vitro motile activity of myosin prepared from NEM-treated C. corallina decreased to a level accountable for the decrease in the velocity of cytoplasmic streaming in living cells. However, Chara myosin was far less susceptible to NEM than skeletal muscle myosin when compared in vitro. Therefore, it is clear that chemically modified proteins other than myosin contribute to NEM's inhibition of streaming. Care should be taken when selecting SH reagents to inactivate motile events in a plant. Grolig et al. (1996) previously identified a 110 kDa protein from Chara on the basis of its ability to bind to F-actin in vitro. This binding was affected by ATP, NEM and animal myosin-specific antibodies, and on these criteria, they designated it as a putative myosin. On the basis of its size and apparent sensitivity to NEM, this protein is clearly distinct from the class XI myosin of our study.
NEM was purchased from Wako Pure Chemicals Co., Japan. Skeletal muscle myosin was prepared from rabbit leg muscle (Margossian and Lowey 1982) and used within 3 d of preparation. Chimeric Chara myosin was expressed in and purified from Dictyostelium discoideum as described previously . Crude cytoplasm of Chara corallina internodal cells was prepared as described previously (Yamamoto et al. 1994 ) with slight modifications (Awata et al. 2001) .
To examine the effect of NEM on motile activity, skeletal muscle myosin (0.4 mg ml -1 ), chimeric Chara myosin (0.2 mg ml -1 ), or crude cytoplasm of Chara corallina (3~5 mg ml -1 ) was introduced into flow cells and left for 10 min to allow myosins to stick to the nitrocellulose-coated surface. The flow cells were washed with 50 volumes of a solution containing 250 mM NaCl, 3 mM MgCl 2 , 25 mM MOPS, pH 7.0 to remove SH-protecting reagents. Then myosin was treated with various concentrations of NEM in the same buffer solution for 20 min on ice. The reaction was stopped by washing the flow cells extensively with the same buffer solution containing 10 mM DTT in place of NEM. In vitro motility assays were done as described previously (Awata et al. 2001) . To examine the effect of NEM on the ATPase activity, skeletal muscle myosin (0.4 mg ml -1 ) and chimeric Chara myosin (0.16 mg ml -1 ) were treated with NEM in 25 mM KCl, 4 mM MgCl 2 and 25 mM HEPES pH 7.4 for 20 min on ice. The reaction was stopped by adding 2-mercaptoethanol to a final concentration of 50 mM. Actin activated MgATPase activity was measured as described previously .
